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ABSTRACT 


High resolution transmission electron microscopy 
using phase contrast techniques can be used to obtain 
Tnedesmcorsespendimg tosthesprojected electrostatic 
potential of Varge unit cell materials.) The possibility 
of obtaining such images of small unit cell specimens 
was investigated for the case of thin crystals. A high 
resolution electron microscope was calibrated in the 
course of the investigation. Suitable conditions could 
not be obtained= for crystal Lattice spacings of less than 
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CHARTER el 


INTRODUCTION 


This thesis reports work done in the field of 
high resolution transmission electron microscopy, 
with the aim of investigating conditions under which 
useful structural information may be obtained from 
crystalline materials.) “An amportant, part, of. the 
DLOJecteinvolved! the calibration of a high resolution 
electron microscope.* The possibility of obtaining 
images which relate in a simple way to crystal struc- 
ture was investigated for the case of thin crystals. 
Suitable conditions could not be obtained for crystal 
tater cemspacingssOneabOuUtLe, counm. 

Even the early electron microscopists were 
interested in the problem of high resolution. But 
not until recently have single atoms in certain 
molecules been imaged successfully. For crystals, 
the techniques of lattice imaging and phase contrast 
are well known, but) again, not until) recently have 
they been used to obtain structural information at 
the unit cell level. 

It was shown by Rebsch as early as 1938 that 
the resolution limit o£ an electron microscope 1s not 


determined by the wavelength i of the illuminating 
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radiation as given by Abbé's theory: 
da—s0. 69 A/sin o el) 


(a is the aperture angle of the objective lens) 
Rather the resolution limit is a compromise between 
Po eractLOnmsanaetiesspherlcaleaberracion, of the 
magnetic lenses. Scherzer (1949) found the resolu- 
tion to be limited by spherical aberration according 


to the formula 


kis qh 40-75 ees (2) 
where C= spherical aberration coefficient and the 
constant k has values between 0.43 and 0.98 for various 
imaging conditions. He also calculated an “optimum 
Gebocusmeoranti on. sor best contrast, takingrinto 
account phase cancellations between beams scattered 
at various angles. Eisenhandler and Siegel (1966), Hall 
and Hines (1970), and Reimer (1969) have done similar 
but more detailed calculations for isolated atoms, for 
linear atomic chains, and for clusters of atoms. 

As the electron microscope has been gradually 
improved by many small technical changes over the years, 
the resolution limit has been reduced sufficiently to 
image heavy atoms on a low noise substrate. Thus 


Prestridge and Yates (1971) have claimed to have imaged 
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rhodium atoms on silica. Various heavy atoms attached 
to complex molecules on thin carbon substrates have 
been seen be Henkelman and Ottensmeyer (1971) in the 
dark field mode. Hashimoto and colleagues (1971, 1973) 
reportedsthes visualization of thorium’ atoms on graphite, 
SS cOminmootwmineld me. nisewas Confirmediby Pha lilips, 
Chalk, and Hugo (1972). Formanek et al (1971) observed 
a triangular arrangement of mercury atoms in the com- 
pound triacetoxy-mercury aurine using bright field 
imaging. Thon and Willasch (1972) succeeded in imaging 
the same arrangement using hollow cone illumination. 
Parsons and co-workers (1973) have obtained contrast 
reversals of images of uranium atoms in stained mole- 
eMmles#otimeltitic acidetor different defocus conditions. 
When signal processing is applied to electron micro- 
Graphs yeatomseas lightG@as (sulfurecanebe revealed, as 
was shown by Ottensmeyer, Schmidt, and Olbrecht (1973). 
The problem of imaging the single atoms ina 
crystal is somewhat different. Crystals, in general, 
have thickness, i.e., they consist of more than one 
layer. Therefore at best only a projection of the 
crystal structure can be imaged. Materials with a 
berbodl Gestcucture sgivemrises=towdiEt ractronepattems 
of discrete spots. The electron microscopist thus can 


include or omit parts of the wave emerging from the 
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SxXPUelacesOmechercrystalequite preeivcely! clearly, 
the more spots or*beams that are allowed to contribute 
Comthe Saeietes, the more information is recorded. Just 
two beams can give rise to a pattern of apparent 
lattice planes of the specimen material crossing the 
image. Three collinear beams can generate a similar 
pattern as Menter (1956) showed when the technique was 
first antroduced.” Such sinusoidal intensity variations 
across the image are indeed caused by the lattice planes 
and may even show contrast effects due to edge dis- 
locations, boundary strain, and other defects in the 
crystal. However, the fringes are generally displaced 
from the lattice planes which generated them. Indeed, 
they shift as the focus is changed. Fringes can also 
be found beyond the edge of a crystal (Hashimoto and 
Watanabe, 1960). Cowley (1959) and Hashimoto, Mannami 
and Naiki (1961) showed that the fringe spacing varies 
slightly from the actual crystal lattice spacing when 
the diffracted beam is not exactly in the Bragg condi- 
tion. The number and position of terminating fringe 
images has been shown to depend on the diffraction 
geometry (Cockayne, Parsons, Hoelke, 1971). Thus it 
is not correct to assume one-to-one correspondence 
between lattice fringes and the actual lattice planes 


of the specimen. 
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When examining a tetragonal material, the 
illumination can be tilted so that the optic axis is 
equidistant eon Eoumebeamsisetue, (O00) said), LTE Y 
and. (200) *beams, for example. (Seqsk aurea m (lA) a fle 
only these four beams are allowed to recombine in the 
image plane, it is possible to generate crossed lattice 
images. The dots thus obtained may look like images 
of atoms, but to identify them as such is not warranted. 

If many beams contribute to the image, even more 
complex patterns can be generated, provided phase con- 
trast effects are taken into account (Cowley and 
Tijima, 1972). Allpress and Sanders (1973) have studied 
defects in heavily faulted complex oxide structures with 
large unit cells in this way. They concluded that under 
favourable circumstances there is a direct correspondence 
between image contrast and crystal structure at the near 
atomic level. This correspondence can be described by 
the projected potential approximation to the image for- 
mation theory of Cowley and Moodie (1957, 1958, 1959a,b). 
The favourable circumstances necessary are that a large 
nunbereoL beamsebe allowed toecomtribute tothe image; 
that the objective aperture be symmetrically placed about 
the central beam; and that the structural features of 
interest be properly projected. 

The possibility of extending the projected poten- 


tial approximation to materials with small unit cells is 
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examined 1ngthis Misc. project. In addition, the 
project was designed to provide experience with the 
electron anemia and electron microscopy techniques; 
to study the problem of high resolution electron micro- 
scopy; and to attempt the imaging of individual atoms 
iimaiecrys al ea lnusethne next chapter discusses the 
relevant theory of electron microscope imaging: aberra- 
tion theory, phase contrast theory and optimum defocus 
conditions, transfer theory, and the projected potential 
approximation. Chapter three deals with the experimen- 
tal procedure: with specimen preparation, and with the 
Calibration of the electron microscope. A discussion 


SEecnemLesuUbEcmOobcainedm se tound 1 schapter four. 
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CHARTER G2 


THEORY 


Pe leet nN ecCoOuUuCcLLon 


ihemopticalmcharaccerlsct cssorean eleccron micro] 
scope can be described using the terminology of light 
optics. This analogy is possible because quantum 
mechanics associates a wavelength A with a moving 


electrons: 
A = h/p (es) 


(Dp = momentum, h = Planck's constant) 
A moving electron can also be focussed using magnetic 
fields. The effect of such fields on electrons can be 
described by a refractive index n. Thus the lens action 
of an electron microscope can be explained in terms of 
geometrical optics and wave optics. 

However, light optics and electron optics are 
not completely analogous. Magnetic lenses provide only 
converging lens action. This makes it difficult to 
correct for aberrations, especially for spherical and 
chromatic aberrations. In fact neither has been usefully 
corrected at high magnifications to date. Another elke 
ference is the interaction of electrons with matter. 


Atoms can easily deflect electrons. Thus the microscope 
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column is evacuated and the specimen is maintained in 

vacuum. Although the specimens used are very thin, 

the slactexene MUSt still be accelerated to high ener-— 

gies in order to make it possible for most of them 

to penetrate the specimens. The majority of the 

electrons that are then scattered by the specimen 

are scattered at small angles. Those scattered at 

large angles are strongly affected by the aberrations 

of the magnetic lenses. Thus the useful focussing 

action is only of small angles (less than about 1°). 

In contrast, light microscopes use angles of up to 80°. 
Since only small angles are encountered in elec- 

tron focussing, the paraxial approximation is useful 


andevalidedn all but high resolution work. Sneli's law 
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can be approximated by 
A (4) 


when sin § = 9 to sufficient accuracy. The optical 
system then gives "ideal lens action". Here ny and no 


SremimdrcessOt eretbactiony) 6, and 65 are angles of 


it 
incidence and refraction, as usual. At high resolution, 
however, such accuracy is not sufficient so the next 


term in the expansion of sin 6 must be considered: 
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Sie Se ees (5) 


Tiemextramlermeq ves isise tO the “sthird order aberra= 
CloOns source parturess:romeideal™ lens action. These 
iicludescoma astigmatism, curvature of field, dis— 
LoGrlonmeandsspherical aberration. All except spheri— 
Galwabervation are negligible in electron microscopy | 
atehigh magnitications. A derivation of the third 
order aberrations is given in El-Kareh and El-Kareh 

GLO One OU InemOrethatecerivaclon is gi venwin the 
next section. Spherical.aberration causes phase changes 
in the outgoing wave. The contrast effects arising from 
Ehismancderrommderoctismare discussea in the later sec 
GUuGicwotethe: Chapter-— Chromatic aberration is also 


discussed. 
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Consider a rotationally symmetric optical system, 
SoChea smi gures| Msomlmtroduce (sols .ocemutially 
parallel rectangular Cartesian coordinates hie (eats 
object, aperture, and image planes. Let the origins 
be on the optic axis, which is also the z-direction, so 
thate the, object plane 1S ac Zoe the aperture plane as 
Zoe and the image plane at Z,. The region between the 
aperture plane and the image plane is assumed to be 
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Gbjecleplenes intersect ene aperture. plane sat P_ (u,v) 
and the GausSian image plane at BP. (X,Y¥). The aperture 
plane is the back focal plane. The Gaussian image 
plane is the plane at which an infocus image, without 
aberrations ~awOuUldrtorm Jt all)rays emanating from the 
object plane obeyed equation (4). 

An ideal lens system will change spherical wave 
surfaces emanating from Bo to spheres converging on the 
Gaussian image point a Timo baceicem tucRCOnVerdg ing, 
WavicmEGOn ESuwisl WEOnl VeaDp Lox iMate sas plere.. ~Aaray 
starting from Py will miss Pa and arrive instead at Pi. 
The distance AR = Pi = PB. is called the ray aberration, 


Promebermat ss principle, the optical path Length 


Olmcmi ay, GOLlng com Pi to BP. will be 
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a 
S = | ig CS 5 Sy aa TE GIA (6) 
if 


Oo 


where n is the refractive index of the medium along the 
path. The path of any electron from point Pi (x,y) in 
the object plane through point P (u,v) of the aperture 
plane to P. (X,Y) of the image plane is uniquely deter- 
mined. Thus S can be written as a power series in the 


coordinates X,y,U,V: 
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where Su denotes the not order terms in the coordinates. 
Since the system is rotationally symmetric, the optical 
distance S remains invariant if the whole system is 


rotated. sAS lalresult (alliodd Sy Mustibe Zero, 1.¢., 
GROOMS ete Gets fe 6 (8) 


The rotational symmetry requirement also reduces the 
number of terms in each of S5 and Sy. if the object 
Gochdinatemsystemmicethens rotated WiLtherespect (to the 


aperture plane by a judicious amount, the equations 


CanmebemLu rene Gescilplittod ma hOre example, 
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Now S = | nedssimplies |grad S| ima deve) Chiat 
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Bis ec og 0S/0x Spee oS/9a aa ess 0S/dz 
iqeades |! faracdmoll y lgrad S| 
(9) 
or 
aL GS a as a¥-goS 
COS = enc B= aot COS Se Zz, (10) 


for a ray with respect to the aperture plane. Since 
the region beyond the aperture plane is field free 


the direction cosines are also given by 
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where Z = Z:-Z_- The term in brackets can be expanded 
as 
(v-v) 


22° 27° 


In the Gaussian approximation only the first term is 


taken: 
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x equations is the expression for the third order 
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Differentiating S.5 and S, gives: 


AX = 


AY = 


The 


the 


The 


the 


ax (x-+y“) — By (x-+y7) + Cu(x*ty7) + Du (x*-y*) +2xyv] 
+ E[v (x*-y*) -2uyx] oe F[x (3u°+v~)+2yuv] 


+ G[-y (3u7+v7) +2xuv] + Finite) 
(16) 


Ay (x*+y7) + Bx (x?+y7) + Cv (x+y) + D[-v (x7-y7) +2xyul 
+ Elu(x?-y?)+2vxyl] + Fly (3v7+u~) +2xuv] 
+ G [x (3v7+u-) -2yuv] + Hv (u“+v*) ~ 


coefficients A to H are introduced after collecting 


=a 


various terms. For example, H = 4Z2c,,n ~~ - eer 


10 


terms of the expressions can now be identified with 


various aberrations that are observed in optical 


instruments. Thus 
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A and B are distortion terms 

C represents curvature of field 

D and E cause geometrical astigmatism 

EvandeGrare coma cociiicienits 

H is the term which gives rise to spherical 

abberation. 

TE can be seen that sphericalvyaberration is )the only 
third order aberration which does not depend on the 
position of the object and thus does not vanish even 
for axial objects. it is the only’ one that remains 


at high magnifications: 


AX = Hu (u2+v7) 
Gay) 
AY = cet Se) : 
TiemraymaberratoneAhetnerelore is 
R= Vin ERR Sree ete SIN ae 
(18) 
a ences ae é3 
where q? = wo yee Thusespherica lwabernati1One1sspLO= 


portional to the cube of the distance Pree) (eas) lejeiexte! 

axis at which an electron passes the back focal plane. 
The situation as encountered in the electron 

microscope is that non-paraxial rays are refracted 


more strongly than paraxial rays. See Pigure. (2). 
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They focus in front of the Gaussian image plane. [In 
the Gaussian image plane, the paraxial rays produce 
a point image, but the aberrated rays form a circle 
SESCONLUSLONEOL MradiuspARs SReterredste thetobject 


plane, the radius of the confusion circle is 


3 3 


2) yes. 
eh (AUC he (19) 


Ar = AR/M =H q.°/M= H £ . 


Here M is the magnification, f is a constant appro- 
ximately equal to the focal length, ee = H £3 /M is 

the spherical aberration.coefficient, ao is the largest 
scattering angle that can pass through the objective 
aperture. It corresponds to the largest allowed radius 
in thesbackerocal plane che [evan Oe The approxima- 
tron tana = a> was made since all other terms are of 
figherethan) thirdgorder, 

Thess pier caleaberbratlion CcocLLi cient 0 a 7ota— 
tionally symmetric lens is always positive. This was 
shown by Scherzer (1936). Another derivation is given 
Lierdeekacbeneano il waren s(19 7/0), = chapter 10. 9 Spherical 
aberration can be reduced by using octopole lenses or 
electrostatic mirrors, but neither method has been 


practically realized. 


Zeorr Phase Ditferences 


Two rays, an ideal paraxial ray and a ray 


encountering spherical aberration, which leave the 
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SamewOoDjJect points1n phase will arrive at the image 
Dlanewouteorepnase. slhus the ray AVC of Figure (3) 
will have its phase delayed with respect to AVD, 
because of the longer path AVC travels. The optical 
path length difference W (called the wave aberration) 


is given by Born and Wolf (1970) on page 206, equations 


(10) as: 
Teo 
(20) 
n OV 


where n is the refractive index of image space. R!' is 
to a good approximation the distance between the back 


focal plane and the Gaussian image plane. Therefore 


W en (uz4+v~)7/4R! 


Hon q*/4R' 


Hint) a 0 /4R! 


mG Mis ey 4Be 
= 10) Gye CZ) 


SiIncesR it =sM. elnus al ray asulLtering, from spherical 
aberration will arrive at the image plane with a phase 
retarded by (21/A) Ce Ga with respect to its Gaussian 


approximation. 
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A ray can also be phase shifted by defocussing 
or overfocussing. Consider the infocus paraxial ray 
BVE in sileae (eee bem OcCrociSe (4 Saint mocuced. (Ar 
positive, i.e., lens weakened), then the ray takes the 
patieoV Se lemarriveseat Fb where the intocus ray AVE 
previously arrived. Thus a circle of confusion occurs 


imeuiewOobyectuplane Of radius 


AB = 8At®tan a 2 At o's 22) 


In the image plane the radius of the confusion circle, 


oa fp Te SMousie won aes Jeyenik 1eS 
my cst NS ea NE ey (23) 


Equations (20) also apply in this case so the wave 


aberration assocrared with a defocus Af is 
2 
h) = IME 7 A (24) 


Thesphase delay is (-27/A) Af aye Since defocus shor- 
tens the path length. 
Thugmamtay encountering both espheri cal aberra- 


tion and detocus will) besphase Shrited by 
4 2 
Veet) C ae JA GNE Of 2) < (25) 


This is the result obtained by Scherzer (1949). It is 


verified by the experimental results of Thon (1970), 
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who studied micrographs of amorphous carbon with an 
optical diffractometer. Krakow, Downing, and Siegel 
(1974) also worked with amorphous carbon and also 
verified this formula. 

However, the equation is disputed by Heidenreich 
(1964), Appendix B, on the basis of a diagram such as 
Pigure \o)en) Themoptical»path diiference W between the 


aberrated ray AVC) .and the paraxial, ray AVD is from the 


geometry 
(Ca Dae CDas rims 
= M Ce a B 
= he (e ie a/M 
Ss 
by. 4 
= ee (26) 
-~a factor of 4 larger than the previous result. Simi- 


larly, in Figure (4), the in-focus ray BVE has an extra 


distance 


BE sine 6 


M Af a 8B 


M AE a a/M 


Af a C2:7;) 


fo travel. “This tesult differs by “a factor of 2° from 
that of Thon but also from that of Heidenreich. The 


combined phase delay is 
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y= (27 /A) (Ce. co ie aA) A (28) 


WEL hough ethisecderi; vation 1s Simpler ethan that of 
Buvactonm (coy ec lse probably. incorrect. | As mentioned 
previously, Equation (25) has been verified by the 
“esultseoteltnens( 19/0) sand or Krakow, Downing and 
Siegel (1974). Therefore the coefficients 1/4 and 

1/2 will be used in this thesis. They are also widely 


accepted in the literature. 


2.4 Lattice Imaging, Phase Contrast and Optimum Defocus 


Solenucal saber rattompealLehnougdielUslimits the 
reso butlonpecan be USeautomimprove scontrasty es Consider 
a thin specimen in which only elastic scattering is 
impOneatees SiGeonly #themcentral beam vis al lowed Sto 
contribute to the image, the intensity would be essen- 
tira lL lyaunitonmseelhertscattered tbeams tare salle very «weak 
andaexcMigimng thems not SULZLCLeEnt LO produce 
noticeable contrast. 

Leethe@eentral beam varndwone ditiractedibeam 
are allowed to contribute to the image, then lattice 
fringes can be obtained. This can be shown mathema- 
tically by considering the image amplitude as the sum 


of two beams: 
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aay exp[i(6.+y,)] + B SES ACTS 2a nae : (29) 


Here A is the amplitude of the central beam, B that 
Ofetie dirt vacted bean. elhelr int tiatephases are cpa 
eWntel gy oY 


g 
Calmaberratvonsand defocus, The reciprocal lattice 


Fs and Yg are the phase shifts due to spheri- 


VCCEORMO DEC NemC lr EiracCteOnbeam,) Od, ismin ine. x direction. 


Then the intensity in the image plane is: 


2 Z 
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Thus the image is a sinusoidal intensity variation of 
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Tsaco translate the interference pattern. This shows 
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the dependence of fringe position on the focus. The 
phase y has no effect on the contrast in this case. 
iOGECCULSCTMtli sm Seamsimplitiedvandlysis. saine full 
theory takes into account the thickness of the specimen, 
the effect of absorption, the deviation from the Bragg 
anG Le mekc. 

If the central beam and two weak symmetrical 
diffracted beams are transmitted, with the central beam 
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assumed equal, as are their phase shifts: 6 =69 , 
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The image contrast contains a weak contribution with 
Der oclciulyel, 29 jpandsa Stronger COntctribucion of 
Deb1Odm!/ Gee stne Visibality Of thas stronger -contri— 


bution is however controlled by the cosine of the phase 


Sit Ce = eo tens This arrangement of a pair of symme- 


g g 
trical diffracted beams interacting with the central 


beam is called phase contrast. The foregoing analysis 
TomrOQunGmlnmneLlocniLre! chm to04) 7 pagew lod.) OL Course, 
one pair of diffracted beams does not add very much 
information to the image, so as many pairs as possible 
should be transmitted. 

To produce phase contrast, the phase of the 
scattered beams must be shifted by 7 or some multiple 
thereof before they recombine with the central beam. 
Diffracted beams suffer a phase shift of approximately 
1/2 on being scattered (Haine, 1961, page 78; see also 
BIQuLem (5) ) ~eandeadQlevonal shitting, calebe produced 
by spherical aberration and defocus. Equation (25), 
which calculates this phase shift, is plotted in 


Figure (6) for various values of defocus. 
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In general, contrast is maximized when the total 


phase shift of a scattered beam is some multiple of 17, 


eos, 

=m 1 — a at 4 a) co 2 
XY =-sTI + y = alt 1 CATE LA GAS a -*%AE a) =nTt (30) 
Wheres Nels any integer. WMeybuSe -ckGe eh “el elaine 


fi Meo teaMoOrlicus=caroonsts imaged rays SCaLtered at 
angles which phase shift them approximately nt will 
Produces cone rasmyawitlosthose scattered near (2n-1) 1/2 
Wi enGtemDrodiicescontrast.—ebUGlii “Gays al) a Certain 
BEng lende mot produccmcontrast,achens the Spatial perio- 
dicity d = \/a associated with that angle will not 
appear in the image. The HBolmlermuraisiorm OLeSuch 
an image can be obtained with an optical diffractometer. 
(See Appendix I). The intensity pattern of the trans- 
form consists of concentric rings: dark ringes alternat- 
ingawieheisa otters ngs vas hey bright) ,angs correspond 
to those angles which produced contrast; the dark rings 
correspond to those which did not. For an example see 
PIGUCe moe. 

With periodic specimens one deals with discrete 
beams and for maximum contrast the phase shift of a 
beam scattered at angle a should also be as in Equation 
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cos x= cos[-%T + (217A) (QC. ea 3 Af Boe) cain st had C37) 


BiussoLoteingscosy Vys\,0raSinny) sagainst.g for iixed 
C. and Af is one way of determining at which angles 
beams will have the proper phase shift. Another way 
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Using d = A/a, this becomes 


Rie eimai el )mN stm ee 
Ss GC Cs 
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(32) 


AECL Ot. Ores =a srlnceLon sor derocus: for Ce = 1.7 mm 
Useshowne in rigure /) The solid lines “are lines of 
maximum contrast. Between these, lines of no contrast 
could be drawn. For a certain defocus it can easily 
be determined which reciprocal spatial frequencies are 
ELansmiueted which ace not, and) which, are partially 
transmitted. 

The phase contrast method is to have as many of 
the high-intensity diffracted beams as possible trans- 
mitted with maximum contrast, i.e. to have them phase 
shifted by nit. For different defocus values the phase 
shifting at different angles varies. Examples are given 


insbiquress(8)eand) (9) @in most «cases the optimum 
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conditions are obtained when the defocus is adjusted 
S@uthat cossy has a Shape such as in FPigure (84). 
Then all beams falling between a and a5 will have 
amcorrect phase shitt of approximately —-, and this 
region has its maximum extent. Any beams falling 
between 03 and Oy have the wrong phase shift: they 
Wile producemiittlencontrast | lnosesftalling between 
Oy and Oe have a phase shift of approximately nm, 
Rane oe OU mates BMODDOSTLeCmLOmLn at sOk The 
Region 1 beams. ~The contrast produced by the two 
reqa@oncewilmetend tomcancel. ‘Thus the beams! of Region 
Timshout dgbemexcludedutromsthewimagessalhismis most 
conveniently done by inserting an objective aperture 
in the back focal plane which excludes all beams with 
> O36 Then only Region I beams contribute to the 
image, but the defocus has been chosen to Maximize the 
extent of Region I. The defocus at which this optimum 
DPhasemshic ting occurs (Called the Scherzer focus) 
depends on the value of the spherical aberration co- 
efficient. This dependence can be found by the follow- 
ingeaLgumentl: 

When the defocus is optimum, the phase shift 
at the angle O5 isbapproximately —57/40" The point 
(5 ,-57/4) is then the minimum of the x(a) function. 


Therefore set 
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dy/do = (20/d) (Cl a> - AE a) = 0 

then 
Ae 

a = AE/C. : 

Then set 
4 2 
—1/2 + (20/A) (iC, a - AE a”) = -5 0/4 
2 2 2 = 
Co Ue JAC. = MET Ae ue 3i/8 


Nia 6 teak 
AEA Ole ine Ch) gee (33) 


is the optimum defocus. See Figure (10). The result 


Vou Licwconem Le kGuattonm(2o) eis. used. 


Le meLeansLer  LNneory 


The imaging process in an electron microscope 
can be described mathematically by considering the 
transfer of information through successive stages of 
thems eroscopem (Cowley ,) 1973; tlenz 19/0). Theserrect 
that a specimen has on the phase of an incident elec- 


tron beam is given by the transmission function 
t£(x,;y) = exp (-ico(x,y)) = 1 - iso (34) 


for o@ small enough. Here the assumption is made that 


the incident wave is planar and has an amplitude of 1; 
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and that there is no absorption in the thin specimen. 
(x,y) is the electrostatic potential of the specimen 
projected in 5 Dlane perpendicular to the electron 
beam. oO = T/VA is a constant: a beam experiencing 
the potential » will be phase shifted by of with 
respect to a beam that does not. 

Themdrrtractron paccern that ails=formed in ethe 
backeroca ep lane orestncmonpyectivemlens 18 (the Fourier 


transtorm of the. transmission function: 


F(u,v) =#(t(x,y))= | [t (x,y) exp [-214 (uxtvy) ] axdy 


Gin GC) = Ba) S aieroGbiaa) 6 (35) 


Ideally, the image corresponds to the intensity 
CLetheminverce Fourier transform of the diftiraction 


Daweern: 


However, between the specimen and the image, the wave 
is modified by instrumental defects and conditions such 
as spherical aberration and defocus. The objective 


aperture also affects the function. Therefore 
WX mee LE (Uy ve exp (Ly) BALI, V))) 


where y = (2n/d) Ca - AE a7) as before and A(u,v) = 
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aperture function = 1 if the beam is transmitted; 0 


if the beam is blocked. Therefore 
Ul Ow, V)expiLl)A(O) = i100 (u,v) exp (iy) A(u,v) | 


or OCW alee orteo (Ur, Viexp (iy) A (U,V). (37) 


If all scattered beams are phase shifted by 


y = -7/2, and are transmitted, then 


(ep ee Lio Ox, Vy) = lead x /M,—-Y/M) a (38) 


The intensity in the image plane is, however, 


I = yy* £1 - 2oo(x,y) , (39) 


Nedlectimguglignenordersterms. Thus tne image contrast 
iwc omapproximationecOrresponds to the projected 
electrostatic potential of the specimen. Electron phase 
COnLrastemMUcrosecepy —atcemprs to Make suse .Ot =this rela 
tionship by phase shifting as many beams as possible 


by 7/2 and excluding all others. 


256) Chromatic Aberration 


Lewicealeso wnecessaryetorconslocen ChromauLe 
aberration because it tends to degrade the resolution. 
The foregoing calculations are the "ideal" achromatic 


approximations. Chromatic aberration occurs in an 
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electron microscope when the electron beam is not 
perfectly monochromatic. It cannot be completely 
eliminated ijersenN® no practical achromatic magnetic 
lenses for high resolution work have been constructed 
to date. Also, the electron beam will never be 
perfectly monochromatic because the electrons have 

a small energy spread (about 1 eV) when they escape 
PEON Munem Lip Or cle tungsten :1lament.. They are then 
accelerated to 100 keV, so the energy spread is only 
vas nae, Dili UsmCollmOLOOUCSmCI On iircan tl oLUuLnEang 
if the lenses are not properly designed. Small ins- 
tabilities in the accelerating voltage also contribute 
Pomthes Dlurning. 

When the electrons pass through the specimen, 
some are inelastically scattered, increasing the 
energy spread. High resolution work must be limited 
COsciinmspeci mens in eorden, LO Minimize this efrect. 
The magnetic field of the objective lens is not per- 
fectly stable and can introduce time variations into 
the imaging. The magnitude of the chromatic aberration 
due to the instrument is gauged by a chromatic aberra- 
tion constant Co A number of approaches are found in 
tne uletaturepson determining «chai sNcoeLtiicoLlent. 

Haines (L961). page l2, argues, -that. the toca l 


length of a weak magnetic lens is given by 
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cS aya (40) 


where V is the relativistically corrected accelerating 
voltagel, Pers) tne vensecurrentieand Kis saeconstant, 


ByaAdi bLerentracing phe sgets 
IME 8 GE OUNVAY eS 2 MILA) (41) 
To extend this to strong lenses, he replaces £ by CO: 
Af = 2 AY 2 IMA p (42) 
Bymuctugmegua c1 Clim G)>) impli Secan spe. CONnVerted to 


AR 


I 


M aC (AV/V - 2 AI/I) 


or 
Ar 


y EUWAy = Bly Ag. (43) 


El-Kareh and El-Kareh (1970) on page 281 derive a 


similar Lormula: 
ie ac (AV/V - 2 AB/B) (44) 


where B is the maximum value of the magnetic field of 
the lens. AB/B can be replaced by  \AI/1 af the lens 


is not operated in saturation. Equations (42) and (43) 


nnn cn Ie annnnD nena 


‘ inelens equations relativistic eLtects are most con— 


Velhienuly taken, into account by using a, corrected acce-— 
lerating voltage rather «than the corrected electron 


mass. 
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imply that the circle of confusion due to chromatic 
aberration can be eliminated by adjusting the 
instability of the objective lens to compensate 
forethesveltagestinstabulitiesseeAlthoughrthis.is 
theoretically possible for a single electron, it 
Lomo Pm pOssl Dl emror angroup OL electrons with, a 
random energy spread. 

Heinemann (1971) and Vorobev and Vyazigin 


(Ul oy Iestatemtnes=rormula as 
INE C,(AV/V sry gy INEYASHY . (45) 


DOCHRWA- CuO te Usei G1 Cation. 
Hawkes (1972), page 68, gives the objective 


hetismCOMLCEMDUELON tothe chromaticeaberration as 
Ar = Cio AV/V (46) 


without derivation. 
Finally, Heidenreich (1964) gives the equation 
as 


Ar = Cua [ (Av/v) 2 + (2 nappy yee? 4 (47) 


This apparently comes from statistical error theory, 
as derived, for example, in Squires (1968), chapter 4. 


Applying it to equation (40) gives 


UES & Wa? = 1 ieee? © 
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Extending tosstrong lenses: 


ie Cc [av/v) * 1) jee ay pea (48) 


This seems to be the most reasonable approach, since 


ToRaASsSslumesetnat the two eLlLects are not correlated, 


Shik 
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CHAPTER, 3S 


EXPERIMENTAL PROCEDURE 


3.1 Specimens and Specimen Preparation 


All the specimens used were mounted on copper 
grids which had been coated with a Formvar film and 
vacuum-evaporated with carbon. The Formvar film is 
HVOduUcedmbyVec’DpInNGsea microscope slides in a solution 
Crowle cs byewelgi ti Forivarinechilororcorm, then 
breathing on it to create holes. When the film is 
floated Offs anad mounted om grids, holes down to 
FO5 micron diameter are found. These are useful for 
Somlognaerommeoraect Tone tthos llc hOsCODe a new larger 
holes allow specimens to project over the edge and be 
studied without the interference of a substrate. 

The main specimen used was BiOC1l: bismuth 
oxychloride. This is a tetragonal crystal with 
Cone Ovens —s0e cc olenmm( ery Stale Da tamDeLters 
Minativertables;, 19073)... Apdlagramsorel ESestLucture 
isidivel insm@igure (12)... tbe sheavy Bismuth atoms 
(atomic number 63)mare0.2/46 nm dpart.. sine = BLrOcL 
crystals were prepared by saturating a small amount 
GlOminiaieodHC beac ds Warchi Bicl, (IulrTie Cau 6:5) Fame ek 
drop of tis sclucionsan a smallwamount or dustilied 


water gives a white precipitate of BiOCl crystals. 
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The heavier particles quickly settle, but the small, 
useful ones remain suspended indefinitely. A drop 
Oe Teeaks Eisner eae on a holey carbon coated grid 
denoci tat thesctystals,= Thessmallmcrystaisrare often 


platelikesandethin. "They tend to™sit on the specimen 





grid with their c-axes approximately parallel to the 
Cb elcra 1 cp eWwitcimrcethnespreferredsorientatron. 

Under electron=irradiation, SLoci crystals do suffer 
damage, but they do not become amorphous, rather, 
they develop "patches" which seem to be thinner than 
the rest of the specimen. These can be seen in 
Percarigema(sl3)) 7. 

Magnesium oxide crystals were also useage x Ten= 
Sively. They were prepared by the standard method of 
burning magnesium, immersing the ash in an ultrasonic 
bathweand depositing a drop.on,a prepared grid. ,eihe 
structure of MgO is the face-centered cubic structure 
of NaCl. The lattice parameter is a = 0.42117 nm 
(CRE andboolkyn LI7 2). 

Other specimens examined include thin amorphous 
carbon films, partially graphitized carbon (lattice 
spacing 0.34 nm), biotite, and muscovite. eee 1 
amorphous carbon films were prepared by evaporating 
carbon on mica, floating the films off, and mounting 


them on grids. Biotite and muscovite are minerals 
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belonging towthe micargroup. ssTheyeare monoclinic 


double-sheet silicates with unit cell axes of 


a 0353 Ogrnm abe 208 9215 5c = 22). 0.0.6 pes 9269923. and 


a OFS ls/ Pepe 07. 004s ece= 2,012 siba= SB 26ib, mespec=- 
bivze lye (Brad pelo Sh) eeieets sthecangle between y,the a 
and c axes. The two substances are almost identical: 
the only difference is that muscovite has aluminum 
atoms binding its double sheets together, while in 
biotite Mg and Fe replace the Al. The specimens were 


supp bredtbhyabm.. lLanberu ol #the «Geology Department, 


Univessitysof Alberta. 


Baa Ca li bratvon 


When attempting high resolution work on an 
Sleecerolmemrcroscope, tie Various parameters muse be 
Garerullyaconterolied. =) thererore a Calibration of the 
TictLuleiiue tom mponcanc. A JEM—=100B selec tron micro— 
scope was used in the normal transmission mode. A 
high resolution pole piece was substituted for the 
normal pole piece. The high resolution pole piece 
has a narrow bore and does not permit the use of a 
Gileungestage. elo Cbtainiea crysitaleat faccertain 
orientation, the specimen grid must be searched until 


Oneipisi st ound. 
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TNaCLOerALO find thelibestrconditions for high 
resolution work, the calibration was done for a range 
of Sonera We anes Wien inesuliee Objective Lens. 6) Tnis 
was done using a z-Stage: a specimen holder with which 
the specimen can be raised or lowered by a screw 
mechanism. The length of the specimen holder was 
measured to obtain an arbitrary parameter of specimen 
height. See Figure (11). The objective lens current 
for the in-focus specimen was also monitored with a 
Hewlett-Packard 3460B digital voltmeter. The voltmeter 
Dasmoamaccuracyv, Ole “0R008m, maltshont term istabality of 
On O04 So ndmom lOnGmeermmstabluli ty. OfetO0 p02 seine the 
range in which it was used. The voltage was measured 
across the 1 ohm (nominal) reference resistor of the 


objective lens ammeter. 


Bevis Magnitication 


Oncema Mimlenses: eremset CoOsvobcalnl highesu magni — 
fication, only the objective lens current is adjusted 
CO focus the image. ~The amount of objective [ens 
CurLtent necessary to achwevye thiisc 1c diptereni Lox 
different specimen heights. The magnification also 
changes and does not remain at the nominal value of 
500000X. Therefore it was measured using lattice 


images of BiOCl. These were obtained by the standard 
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method of tilting the illumination so that the optic 
axis is midway between the central beam and one 
diffracted eae imethisscase ai(110) spotter The 

(CLO) interplanar spacing is 0.2746 ‘nin. “An optional 
MeEnOd PS tomer tethesoptrrc ‘axis nti Hite 1s) equi- 
dvetant, fromesour spots isuchas the) (000%) (120), (110), 
AC JO0/MSpOts prac imei gure (14 pee GEetsmethen possible 
LO FORD taln perpendicular sets of (110) sreflectione as 

we Bias (200) rringes sated >? =tonthem., WThePlattice 
images from both methods often extend for considerable 
distances as can be seen in Figures (13) and (15). 

The fringe spacing can therefore be measured extremely 
accurately with a travelling microscope. 

The magnification, determined mainly from such 
measurements, is plotted against objective lens current 
in Figure (16), and against specimen height in 
Figure (17). The lattice image spacing on some 
micrographs was obtained indirectly by using an 
optical diffractometer (Appendix I). This instrument 
produces the™= Fourier transtorm-orva micrograph, so the 
Sinusoidal fringes produce two spots whose separation 
ispinversely proportional to thewrringe =spacingseeinis 
method of obtaining the magnification, though not as 
accurate as the travelling microscope, is especially 


valuable when the lattice images are faint. 
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The data shows scatter mainly because the 
ErInge sSpacingmcanavVaryan tarneadittracted beameds 
not in the exact Bragg condition, as was mentioned 
in the introduction. ~For: example, thes two data 
DOEneceineboxcsein Figures: (16) and (17), at a 
CULEen Le OnE. U4 5.Ambe (height 5.24833 cm)awere 
taken from the same micrograph - two different 
regions of the same specimen. The fringe spacing 
changed continuously from one end of the specimen 
to the other. Other reasons for the scatter of the 
datbanming Figures(16)se are: 

ie Uhemaccuracya olf thelresastom. acrossswhich the 
LenS Current aS Measured us. limited.+, its 
resistance will fluctuate slightly because 
of temperature variations. 

2. The objective lens has hysteresis. As a 
result various values of the objective lens 
current may correspond to the same magnetic 
field strength of the Lens, and vice versa. 
The magnetic field, after all, does the 
imaging. 

On the other hand, using the length of the specimen 
holder as a measure of the magnetic field when the 
image is focussed also has drawbacks: 

1. The specimens sit at different heights on 


the specimen grid. 
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2. The specimen grid may be uneven. 
3. The specimen holder may not sit at exactly 
Phe same height each time it is inserted 
(sometimes due to dust in the microscope 
column). 
A. The mechanism of the z-stage, together with 
the microscope tilt controls used to mani- 
Duta Cemte ma omomCoRta Lim accuinacy. 
SeerhemlenGgenmonrithersspecimen Molder 1S ditricult 
to measure precisely. 
The total uncertainty, obtained from the graphs, is 
BDOU tm temo Chm Caces mmlCs was Ceci dedsto use the 
objective lens current as the magnetic field strength 
patemeremnousd timCalioratioOns, ssincemtie length 


measurements are restricted to one specimen holder. 


3.2.2 Camera Length 


The camera length also depends on the magnetic 
field needed to focus the image. It was measured in 
order stosebewable tosidentisiy the warious di tiracted 
beams that were obtained. The camera length setting 
given as 80 cm by the manufacturer was calibrated by 
using the diffraction patterns of known crystals, 
mainly BiOCl. The objective lens was set for highest 
MAGiUsicatlonageliicmgresults are plotted in Figure (18). 
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wee.) SOs fOCcuUsmDeDendencemonsCunrent Change 


The image contrast in high resolution work 
depends critically on the focus of the microscope. 
Thus it is necessary to have some means of monitoring 
the change of focus when the knobs on the instrument 
are Manipulated. One method of obtaining such a 
calibration is to actually change the specimen height 
a small known amount and to record the different lens 
currents necessary to focus the specimen at these 
Detghts. ss nemchianges InmtoCcusm(1.,e., the change in 
heat ejeca me li enmbemrOunGsaSmamrunecllon Of Lhe current 
change. Specimen height is plotted against objective 
Cenomoll@Geoteminmrh tC Ute m Lo) tiers Lope OLathes graph 
is the required dependence, i.e., 9f/31I. However, the 
slope is difficult to judge because of the scatter of 
the data. One way to approximate the slope is to fit 
a regression curve to the points and to use the slope 
Ofte thesia tved curve. |) This is? the dashed) linetan 
Figure (20). Another way is to use the slopes obtained 
from a series of data points taken in succession during 
a single session on the microscope. The data points 
LimSsquaresaunmrdgquress( 19). ares suchwalsequence. Sine 
corresponding slopes are also plotted as squares in 
PIGucemm2 0 ie mcuCch@Cdiam aol OLnek Sequenceswanre 


plotted as triangles. 
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Since one is finding small difterences, such 
data has a large error. Therefore another method was 
tried. —ft 1s due "0 Heinemann (1971) and involves 
measuring the lateral shift in the image plane of an 
off-axis beam as the objective lens current is changed. 
cme oth eR toe Cota beds to ule #-OCUS Change: DY 


equation (19): 


Age Se BU Ge 6) 


or ME ee AVANIY (49) 
Therefore 
INGE ICMAE) 3 ANETTA) yA fee (50) 


AR waS measured by using the various diffracted beams 
of MgO crystals. Photographic plates were doubly 
exposed to one dark field image at two slightly 
Greterentelens current settings, | Suchymicrographs 
Sre@shown inerigure (21). mine accuracy 2s) limited 

by the fuzziness of the image which makes it difficult 
to measure the shift precisely. However, defocussing 


the illumination helps to sharpen the images. The 





central beam image was voltage centered before taking 
such calibration photographs. But even so, the central 
beam image often moved slightly on changing the objec- 
tive lens current. This was taken into account in the 


calculations. 
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thesresults of the calculations are plotted 
aS Circles on the same!’ graph (Figure (20)) as the 
values obtained by the previous method. It can be 
seen that the Heinemann method produces results with 
Pesce oCaclLOr me Licuco! 2dsglinesis a. least squares, £1t 
COn Depcircledadata. sw ulowever, Comparing, the,.two sets 
of data suggests that a systematic error is involved | 
in one or the other of the two methods. 

Heinemann reports an error of +2% for his 
data, whereas the circled data in Figure (20) has an 
accuracy of about +5%. However, Heinemann used two 
symmetrical diffracted images for his calibration. 

No such properly oriented MgO crystals were found, 
and the high resolution pole piece that was used does 


Otc LOW—L i! Lang. 


Be oe Oe EOCUSe Perm Click 


The objective lens current is controlled by 5 
click-typesknebs.e@iAuclick in either direction slides 
Contacts across banks of resistors to the next contact 
poznts., | 1t 1s usctul to know how much the focus 
changes when any knob is adjusted by one click. To 
find this it is necessary to know the change in objec- 
tive lens current per click of each knob. These values 
change with increasing lens current, so again graphs 


ere sMecessaly  \rPiguress (22) to (25)). 
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Enemehanjemlielensacuyrenttperi clickvof tthe 
finest knob is too small to be measured: even 22 
suchee lacks oe maximum) change the lens current 
byeonlyeabouts.00003 Amps e8Butethat is onntheglimit 
OFS Che@s tabula tyeotetherdigitalavoltmeters nad solution 
to this problem was found when it was noticed that the 
general shape of the graphs is the same for all the 
other knobs; and furthermore, that the ratios between 
them are constant. A network analysis of the objective 
TeNicmeOCUSSING scl LCulte sCOnrirmed that. this, should be vse. 
See Appendix II. A manual check of the values of the 
resistors involved made it possible to calculate these 
ratLos. (The resistor values on the circuit diagram 
supplied by the manufacturer were incorrect.) The 
calculated ratios, which agreed with the available 
empirical ratios, are given below: 


Reataosesot themlens ‘current change per click 


medium knob 


fine medium knob 12.66 
fine medium knob _ 
second finest knob ~ 17.73 
second finest knob 2s ioe 


finest knob 


Therefore the "strength" of the finest knob, as a frac- 
tion of the second finest, could be calculated with 


some confidence. 
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iMestens currentchange per. click graphs ‘were 
then combined with the AR(AI) graph obtained by the 
Heinemann naéibd LOeguve: (astocus, Change: per iclick 
Graph Slow seach "knob. “'fhesevare plotted in’ Figures 
C26) TCOW(29))) iets interesting to note that except 
for the ediscontinuity, “thetdefocus’ values’ per click 
Eee CONScalt@ awit met hemsenrom Limits mtlhe terrom is 
estimated to be +103. In the range of interest (around 


-/7 Amps) the defocus values per click are: 


medium knob: 12.3 microns 
fine medium knob: .97 microns 
second finest knob: 55 nm 


finest. knobs 3.34 nm 


The nominal values supplied by the manufacturer are, 
Bespecehvc Ly ml 4e4 aml CLONS llc aMUCtOns ae Oanml, “and 


AA nm. 


Sel WOM LC OMaLLCeAbDeLraLtilon 


From equation (48) we have 


C1 A£[ (AV/V) 7 + (2 Ni | ase : 
From this we get: 
Co N/a PAL 31) ea rg ed Leela sf le 0D) 


Thus the amount of defocus for a small current change 
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is a measure of the upper limit of the chromatic 
aberration of the objective lens. It can be obtained 
by multiplying ChessoltdetinerolLerigure (20) bys®i72: 
The result is shown in Figure (30). As can be seen, 
ties chromatucraberration Constant is less’ than Li mm. 
Tie@radtusmoOrecCie COMLUSTON CLLClesin the obj ect. plane 
due to chromatic aberration of the objective lens can 
now be estimated. Since our microscope is well 
Stabilized against voltage and current fluctuations, 
and since the lens probably runs with some saturation 
at high currents, AV/V can be taken as Ton? and. iL & 
as Me Using equation (47) and taking a = 0.01 

ia chieal Ss eee sar we lei ee Cid Sel comuchs less sthan 
EnemLOpederOreresolUGloneOot about .25.nm, and Can be 


neglected. 


Sa Ono phen Ca lpAberration 


Thesmosk 1mpottants constant thatemust be found 
is the sphericalmaberration, coeliicicentes Vaigrtous 
Methodstiwere;trledminganserfort torobtarnitanvaccurate 
Valuenot mit. 

Thesimage contresteoteesthin carbonge1imacepends 
on the spherical aberrationesand, the defocus, as was 
shown ine sections2.4. -Thustamseriessolgphotogzapns 


Ctmsuchee tulimpetakenecdtasmallacdefocus Strepstinearache 
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paraxial focus, carries information about the magnitude 
of both the spherical aberration and the defocus. In 
each micrograph the spatial frequencies that are sup- 


pressed correspond to scattering angles a such that 


4 2 


XY = -51 + (27/A) (aC, Cuma e Atom) r= (2n-L) 1/2 
Or aoe a - Af 0° = We (52) 
Theva huctOLr sim Loren = 9. Can be found from the Fourier 


Cuats to Mi Omeanini CrOO tapi mmr LOMeAppenGi x ., tie radius 
Cae Seems em Ca cient sO me tioed yEmractogbamlals 


related to the corresponding scattering angles a by 
Qo = Ay M q/A, Dw@=scq?. (53) 


Tf the amount of defocus from the Gaussian image plane 


is known, a value of Cy. can be calculated from 


Cy = De aN 06) = Mus Soviet tecee < (52) 


It is found that the result of the calculation 
fluctuates widely because it is very sensitive to the 
veluecwOLlG mr liieDpLaCelceslLheGuiigsearc Uma ye see 
Figure (31)) and cannot be measured accurately enough 
to give a reliabie value for Co: 

jie) paarere lehman whey sekeneo cl eerei iia, peiewal aliew shia Weietellon— 
ficult to estimate the Gaussian focus, then the defocus 


can in theory be found from two carbon micrographs 
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separated by a small known defocus step e. (This can 
be easily monitored once defocus has been calibrated 
as a function of lens current.) An equation can be 


set up for each micrograph: 


4 2 
L. = =— = 
aC, ay Af ay mn 


(55) 


- (Aft+e) ase =-). 


we 
Co) 


By solving to eliminate Cor an expression for Af can 
Desround meUNrOGLUnately, mules results are,again Un- 
reliable because q cannot be measured precisely. 
Solving to eliminate Af from equations (55) produces 
widely fluctuating values of Ce also. 

Heinemann (1971) gives a method of determining 
Spe ceca leabertrat tone whii cia he round glo, belaccurace to 
Boyett involves) the fact that the axial image,and any 
dien uae bec ubeamlOnnonpeLlod:c specimens cosnol CcOlnicide 
in the Gaussian image plane because of spherical 
aberration, For defocus Ai, the separation of the 
axiateimages and a Certain ~imagesditiracted) at angleria 
is 

3 


AR = M Co Cane MeN ian’. (56) 


(Assuming that all astigmatism has been corrected.) 
The amount of defocus necessary to make the two images 


cCoincevde, 1.6., Make AR = 0, 1s 
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KES=1CH OSe., C57) 


If the amount of defocus necessary is measured for a 
known dark field image, Ce Cane be calculated. «But 
once the defocus is calibrated as a function of current 
change, it can easily be monitored with the digital 
voltmeter. The results of such measurements using MgO 
erystalseare plotted as triangles in Figure (32). 
Another method used by Hall (1949) was also 
CELedmelObECx AC CHDaGoOxLalmerocus (ite. , AL—0), equation 


(46) becomes 
ARG= MICS eaT wu? (58) 


Thus a knowledge of a = 20) and of M;, and a measurement 
Ome RedtGausstans:ocus ,,enables sones to calculate Cre 
Gaussian focus is estimated by the absence of Fresnel 
fringes in the direction which the diffracted image 
moves. The magnification has been calibrated and a is 
fFOuUNnds sLromethe Gditiraction pattems. | Examples vor, Such 
measurements are seen sin Figure (33). The data cbtained 
bY thisemethod are plotted aspcircles ine Figure (32)"- 
Magnesium oxide crystals were used because of their 
relatively sharp diffraction images. 

One problem encountered was that the magnitude 


of the separation AR was affected by the adjustment of 


the condenser lens. Withethe allumination detocussed, 
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the separation was sometimes observed to change as 
the illumination was moved across the specimen. 

With the anne ey on focussed the effect was not 
observed. However, it probably affected the separa- 
tion and is one reason for the scatter of the data 
points. It also affects the measurements by the 
previous method. The scatter is larger for large 
objective lens currents, when the divergence of the 
eect Om Smid Chie mmAnO Ne rEsSOUrCe "Or error was 
the difficulty of judging the separation on the deve- 
loped micrographs. From the graph, the data has an 
error range of approximately +10%. As can be seen, 
the spherical aberration is not the same at all 
objective flens currents required for focus at dif-— 
ferent specimen heights, but decreases at higher lens 


excitations. 
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CHAPTER 4 


DISCUSSION 


Once the instrument has been calibrated, the 
best imaging conditions must be selected. The most 
important parameter to consider is the spherical 
ebeLtation. 

For the JEM-100B, the manufacturer supplies a 
Values founethe spherical aberration coefficient of 
1.4 mm. This is for the:high resolution pole piece 
when it is used with a standard specimen holder. 
However, when a specimen held in a standard holder 
is focussed, the objective lens current reads about 
Loman meet COME ra GUres(o2) eLte1s Seen thatelor a 
CuiscenesOre. /l5eAND ~ thewsoneri cal aberration 1s 
actuatlys abouts!) 9 mm. lo obtainwa smaller value, 
one must go to higher currents - pushing the specimen 
farther towards the center of the objective lens. 
This increases the objective lens prefield - the part 
of the objective lens magnetic field that comes before 
the specimen. A large prefield causes the divergence 
of the illuminating beam to be very large at the 
Specimen melidtumisenol aCCeptables LOteniign aresoution 
work because it invalidates the projected potential 


approximation which assumes that the illuminating 
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radiation is planar. Defocussing the illumination 
does improve the divergence, but it also reduces the 
brightness of the image considerably. Setting the 
obyectiveslonsecurrenteto about ../y7 Amp keeps the 
divergence low while Ce. decreases a little to about 
1.7 mm. This was selected as the optimum height for . 
high resolution work. 

TheeeLanoret Characters; Stics, OL the microscope 
ROG Cys) LeiieancsOopermumnycde:Ocuss OL 97. 1lenm are 
Ges cn DedsbyeCOSmyadsminehigurem (od). | In order to 
make use of the projected potential approximation, as 
many beams as possible should fall in Region I, and 
an objective aperture should be used to eliminate any 
beams with scattering angles greater than A. = 0.010 
radians. Alternately, if some beams fall in Region I 
and some in Region III, but none between, then a larger 
objective aperture excluding only a > a5 = O70 2 be can 
be used. 

For BiOCl the smallest scattering angles are 


= OoOLS5 and ¢ = 0.01906. Not even the least 


“Sie 200 
deflected beams will fit into Region I. Quite 
obviously, this makes the optimum defocus useless for 
Obtaining structural sintormation, about, BiOCl) Even 
LOtetespheri cal "aberration, COCLELCIGNt eas. LOW sas. 0 


mm, Region I is still too small, as can be seen in 


Figure (8b). An alternate approach is to try some 
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other defocus than the Scherzer focus. For Af= 186 

nm and Ce Fi. / mm the transfer’ characteristicsPsare 

as in midtre (9a) SThevidea as®tothave the diffracted 
DeanS@inethesregions.00788 <tae<8 30125) vadians@where 
they would have a phase shift of approximately nm. 


Sucheregionsmeoceur for 
0 ° 5 . 
AE = (dX C.(2k41.5)) a one i LeGem:), (59) 


They occur at larger angles for successively larger 
defocus values. However, they also become successively 
narrower at the larger angles. It can be seen that 
such a defocus will not work for BiOCl beams: the 
BECUGieiowalucady —LoOovnarrowuat this defocus.) AN Lower 
Ce value of 1.0 mm would give wider regions, as in 
Figure (9b), but they are still not wide enough. 

The sheet silicates, biotite and muscovite, 
were also briefly examined. It was found that elec- 
tron irradiation easily damages biotite. It becomes 
amorphous in less than five minutes even at low mag- 
AioECawions. 

Muscovite, however, did not damage quickly, 
except for very thin specimens. Its lowest order 


beams, when in the [001] orientation, are a = 0.00820, 


020 


A490 = OR00827,, C599 = On 0.14355 sand OSX) = 0.0142. 


If only the (020) and (110) spots as well as the 
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Central spot are transmitted, then a pattern of 3- 
fold crossed lattice fringes can be obtained, as in 
Figure (34). Such a pattern does reflect the basic 
Deurodicitie>s of muscovite structure, but not enough 
beams contribute to the image to give one-to-one 
Structural informatton. SAlso 7 ther defocus need not 
be optimum to obtain such an image. Examining other 
focus values (for example, Figure (9b)) to check if 
they provide proper phase shifts for more than six 
diffracted beams leads to a negative result. Even 
with this specimen, the unit cell is too small to be 
able to properly phase shift enough beams to obtain 
MserUlesteLucturaleimnormatton.) High resolutionsmicro— 
scopy is limited to materials with large unit cells 
until lenses with very little spherical aberration 
become available. 

Edge on views of the sheet silicates were also 
LOUNGE LOW Len (35) yee HOWe Vert. sDOL bLOtite: and 
muscovite quickly became amorphous when viewed in 
GALS pOSHeLOn eLtawas aConclided=sthat thaswquilck 
damage and not having any control over the orientation, 


makes any detailed interpretation questionable. 








object plane 


aperture plane 


image plane 


Pigures Go@mrerOtatitonally symmetric wptical System 
with mutually parallel rectangular Cartesian coordinates. 
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Specimen plane 


Pevow plane 


Back focal plane 


Gaussian 


image plane 
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Figure (2) Spherical aberration causes the lens to 
d@GLEct srays Chat are Scattered at tlarge) angles more 
strongly than the Gaussian approximation would have 
them deflected. The correctly deflected paraxial rays 
focus at the Gaussian image plane, while the aberrated 
Lay SRUOLMBaAg CI CC Lesorecontusion ob radiuseiR = Ce a57 an 
Chise planer d-sis) the Wargest) scatteringvengle thatyis 
allowed to pass through the objective aperture in the 
back focal plane. 
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Specimen plane - 


Lens plane 


Pigure(3) The path of a 
ray AVC which encounters 
spherical aberration is 
Toner thane chat of 1s 
paraxial approximation AVD. 


Gaussian 
image plane 





Specimen plane 


Lens plane 


Figure (4) Defocussing 
advances the phase of a 
vay. -AN intocusspalaxial 
ray takes the path BVE. 
When an amount of defocus 
iM ATS eit cL OOUCeO ys Ele sray. 
takes thespath) BVE, thereby 
shortening the distance it 
TUS total ees 
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diffracted beam diffracted beam | 


! 


central resultant central 
beam beam resultant 
Gike Oe ale 
Figure (5) If an incident beam is phase shifted by a small 


angle, leaving its amplitude unchanged, as in a), the resul- 
Calta tomche sum or thevoriginal beam plus a diffracted beam 
with its phase shifted by approximately 90° with respect to 
thesincident beam. The resultant will produce little 
contrast because it differs very Wattle from the incident 
beam.) But if the diffracted beam is phase=shifted by 180°, 
aemineD) i Oreby.0>;vaSsingc), the amplitude is changed quite 
appreciably. 
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Pagure. (6). They phase shift due.to spherical aberration 


andedefocussingstor C.=1./7 mm, A4=/0037 nm, and various 
defocus values. 
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Prqurew (sb), The transfer “function tor S- = 1.0 mm and 
optimum defocus of 74.5 nm. 
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Pigure (9a) The transfer function ata defocus of 
186 nm and Cy melee) ites eA =) Ur mtn 
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Figure. (10))) Thesoptimum defocus for high esollution as 


a function of the spherical aberration coefficient of 
the objective Jens. A = .0037 nm. 
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SUDPOLE 


thismpare  Canebpe 
raised or lowered 


aGtua la pospeULone. | Pees | 


of the specimen 





Figure (11) The z-stage as it is positioned in the 
microscope column. The length was used as an arbitrary 
parameter of specimen height, 
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Gioucewe(Lo Mmlice Structures Of (Bi1OGl alter=CGowley and 
Kuwabara (1962). 
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Brgure so) teebatti cesimages or )(110) BiOGl planes 
Showingeanspacing of 0.2745 nm, 








Prgure \(B4)Pewthe (hkO) electron diitraction!pattern of 
BiOCl showing the position of the objective aperture and 
Ghesoptichaxase Loreobtaining, Crossed! lattices fringes 





Figure (15) Crossed lattice images of B1i0C1l showing the 
(110) “spacing, of 0.2746 nmeas well as the (200) spacing 
oanOs, LO Ag nin 
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Figure (16) The magnification (nominally 500000) as a 


FUNCTION Of the Oobgective Tens current. 
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Figure (18) The camera length (nominally 80 cm) as a 
funetion of the objective lens current. 
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Bigure (19) Specimen height plotted against objective 
lens current for an infocus specimen. 


® 
-—7 


7+ =. 
= 






7 fy e Senda tad . 

rey) oe { SOF S960 B.et 
| : N94 STI IRE int 
ret | PPL se sat (61) + 
215, 2a pet Se to nel 


io 
i 


a, A 


DEROCUSBRER@ CURRENT SGN ONGE Sieh ante 


65 





0.1 





0.60 0.65 0.70 oil 0.80 0.85 
USS eee GaneeNas CURRENT (AMP) 


Figure (20) The amount of defocus per current change 
obtained by various methods. 
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Figure (21) Examples of defocus dependence determina- 
tions using doubly exposed micrographs of diffracted 
MgO beams in untilted dark field mode. 

Ge) USIng a V2Z220)) beam: 

be. Using tag(Z00)) beam. 
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Figure (22) The change in objective lens current per 
click of the medium knob. The discontinuity occurs where 


s+ the coarse knob is changed. 
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Figure (25) The change in objective lens current per 
Svc ktmomeuheataneste knob. 'hesgqraph, 1s (716.32 of the 
data for the Second finest knob. 
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Figure (31) A photograph of amorphous carbon and the 
corresponding diffractogram. 
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Figure: (32) ee lnemssone ni Calmeberratlonscoet Li Cient 
measured by two methods. The data in triangles were 
obtained by the method due to Heinemann (1971). The 
circles were obtained by the Hall (1949) method, 
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Figure (33) Examples of measurements to determine 
the spherical aberration coefficient. The central 
Dean Imagemismi ne tocus dheciesdilrection in ewhd che the 
diffracted beam image is displaced. Both examples 
use a (220) beam of MgO. 
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Figure (34)"a. Crossed Sattice fringes of biotite: 
So@cCOnG _yVaeLleewORaUULrectlonseandsweakly in -aythird. 





Dee Loew (nkOvmaOptEnECAaCclOnmpatctern Ob. blo tite we, tne 
3-fold crossed lattice fringes were obtained in the 
Unter ceaebrlgnterield mode, with the objective 
Gperturewunancmicting only che central beam: and the 
six lowest order diffracted beams. 
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Figure (36) A schematic diagram of the objective 
fens eCcuULTene control C#rCuLe. 
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APPENDIX I 


Dae GHEeOPDICALEDIFERACTOMETER 


The spatial frequency spectrum present in a 
micrograph can be obtained with a light optical 
Aiepractomerceyaee ie. mMrcrograpn 1S a4 lluminated with 
DaLalle lh emonochromatvc,mcOnenent ignt., ihe trans— 
mitted light is focussed on a screen or on a photographic 
Dlate to obtain thesPraunhorter ditiraction pattern. 

Maxi MeanocciiGite Liesdltlracti1Ooneplanesat scattering 


angle §@ according to the grating equation: 
GS ins e— elle 


where Ay is the wavelength of the monochromatic light, 
and d is some spacing present in the photograph. The 
Bada lmec| StbancemoulLoMmmtnesoptle@axds aletherdrvetrac— 


Gioneplane is@relatedetoqisby 
tan Oe=ag/L 


whereslitissithe camera length of the “diifractometer. 
Since @ is small (q << 9L) , the approximation 


Sino weal CL om oL Unmmelhie Le LOLe 
a. ¢g/l0= 1 Ao 


OL Sep 7 ye Oh Mae 
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InNceedsOEmretr ii enaindicate the diffraction order, 
d shall be allowed to do so, andn shall be fixed at 
lh. gy dee palate proecarann used is an electron micrograph, 
then the spacings d which are present are related to 


the electron scattering angles by 


aqd=M hy fo 6 


Thus 
M Ay q/a = Ay L 


© 35 


a= M Ay q/i> Ly A 


Here Ay is the electron wavelength (0.0037 nm at 100 
KEV). snus Oma acCalepeoucalculatecd@irom gq once the 
various constants are known. 

In practice the diffractometer can be simplified 
somewhat by illuminating the specimen with slightly 
COouVeLoent min Ont se licecduations, Still noladgtomverny 
Goodeaccuracy ms Ine actual diffractometer, that was 
used is described by McGillivray (1975). An excellent 
explanation of optical diffractometry is found in 


Beeston, Horne, and Markham (1972). 
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APPENDIX I1 


ANALYSIS OF OBJECTIVE LENS CURRENT CONTROL CIRCUIT 


Themobjecreaveslensycurrent (is controlledi by) 5 
knobs: a coarse knob, a medium knob, a fine medium 
knob, a second finest knob, and a fine knob. We 
Considerromlyetherertect, of the 4) finer ones here. 
Trese@marers i aimamconterolsewilch tap Danks of resistors, 
shown schematically in Figure (36). The medium knobs 
and the second finest knob straddle two resistors. 

These finest knobsnas onlyaone contact which does not 
draw any current. 

Thescurrentwelseregqubaced by comparing the voltage 
V to a reference voltage Vo° To calculate the effect 


Of the various knobs, it is necessary to do a circuit 


analysis: 

Wy = I, Dia 6 2) meee et G4 ik I, (K = kilohms) 

Via T,[22(,33K) + MEI SEU OHO eae Ah Ket) I) hs FAS I. 
V, =1,[22 (2K) eed hyn 7 (A Ky on KK) ne On OK I, 

But V5 = (I - I.) 4K OL 46.60K I. = 4K I - 4K I. ° 
Therefore I, = AO TES) Be 

V3 = (I, = T,) 4k pe” The Tas I, = 4K I. - 4K I3. 
Therefore T3 =, 04 I, =e OU Agel. 
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eae ee eee OO MOG et. 504K t,—).00Kk La— 06K [,. 


37 14) 4 3 4 


Therefore I, = 320 I. =e UO Gs Le 


EoemCiem COUN OOSsDerex, yy, 2, and w clicks from the 
ZeGOmtOsieloo moc mcm I GUre.. Jel Saas largeres is — 


Gace (mee 40h) eee nen 
Vi SiR ee? etme Kee O7 Ulta ook .0271 + w .062K s008Si, 


Now, because of the feedback, 


I= k(vV - Wad Cia Ne Ve alt / io eh omeonls tant. 
=ih, 
Therefore T=V_[R + 2Kx + .158Ky + .0089Kz+ .000546Kw-1/k] . 


The change in current upon changing the medium knob by 


one click is 


AI, =V.[R + 2K (x+1) + .158Ky + .0089Kz + .000546Kw - 1c ae 


- Vj[R+2Kx + .158Ky + .0089Kz+ .000546Kw - icles 


=a) 
= V9 (-2K) [R+ 2Kx+ 2K+ .158Ky + .0089Kz+ .000546Kw-1/k] 


si Ree xt, LOO ky te UU GIR) 4, O0UDAD hw ee silo, 


Sade y, 


AT, =Vo (-+ 158K) [R+2Kx+.158 (y+1) +.0089Kz+.000546Kw-1/k] a 


~(R +2Kx + .158Ky + .0089Kz+ .000546Kw- 1/k] ~~ 
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AL .¢ = Vz (--0089K) [R+2Kx+.158Ky+.0089K (z+1)+.00546Kw-/k] 


»[R+ 2Kx + .158Ky + .0089Kz + .000546Kw- 1/k] ~~ 


AI = V_ (-.000546K) [Rt2Kx+.158Ky+.0089Kz+.000546K (w+1)-1/k] © 


6 


»[R +2Kx + .158Ky +.0089Kz + .000546Kw -1/k] ~ . 


Thus the ratios between the various knobs are, to a very 


good approximation: 





AL. ; 
AT, my inshye Mac lels 
m 
old Nall) ata 
A ~ SC sy 
sf 
pas fet O08 mee 
Te SOTTO = er 


These are the ratios of the focussing strengths of the 


various knobs. 
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